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ABSTRACT

Aims. The Hayabusa mission revealed fundamental physical properties of the small near-Earth asteroid 25143 Itokawa, such as shape
and mass, during its rendezvous with the asteroid in 2005. Resulting from this, the YORP-induced change in the asteroid’s spin state
has been predicted theoretically. The purpose of this study is to investigate the YORP effect for Itokawa directly from an observational
perspective.
Methods. A long-term campaign of ground-based photometric observations of Itokawa were performed from March 2001 to
December 2006. The observed asteroid lightcurves were compared with numerical modeling using the detailed shape model and
global surface photometric properties derived from the Hayabusa mission.
Results. As a non-linear time evolution of rotational phase lag is shown, we found that Itokawa has been decreasing its spin rate by
ω̇ = −1.2(±0.2) × 10−17 rad s−2. The detected deceleration rate is almost consistent with, but slightly smaller than, the theoretically
predicted value due to the YORP effect.
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1. Introduction

The spin states of small asteroids can be secularly altered
by a net torque arising from the anisotropic reflection and
thermal re-emission of sunlight on the surface, the so-called
Yarkovsky-O’Keefe-Radzievskii-Paddack (YORP) effect, in ad-
dition to abrupt torques due to tidal encounters and impacts.
Such radiation torques are a significant perturbation, especially
for near-Earth asteroids in close proximity to the Sun, and have
been invoked as a possible contributor in creating binary as-
teroids and fast rotators. Indirect evidence of the YORP effect
has been found in the preferential alignment of spin axes in
the Koronis asteroid family (Silvan 2002; Vokrouhlický et al.
2003). Recently, spin rate variations were detected directly from
ground-based astronomical techniques for two near-Earth aster-
oids: 1862 Apollo (Kaasalainen et al. 2007), and 54509 YORP
(2000 PH5) (Lowry et al. 2007; Taylor et al. 2007).

The near-Earth asteroid 25143 Itokawa has a size of roughly
300 m in diameter and an irregularly shaped body. Its fundamen-
tal parameters were precisely determined through the proxim-
ity observations of Hayabusa spacecraft in 2005 (Fujiwara et al.
2006). Vokrouhlický et al. (2004) theoretically estimated the
change in rotation rate due to the YORP effect for Itokawa us-
ing pre-rendezvous shape models. More recently, Scheeres et al.
(2007) refined the computation of the YORP effect using the
detailed shape model, rotation pole, mass estimate, and optical
properties derived from the Hayabusa mission, predicting a large
deceleration that should be detectable over time scales as short
as several years. However, in the previous studies of ground-
based photometric observations in 2001–2004, the rotation rate

variations for the asteroid were not discernible beyond uncer-
tainties of photometry and shape determination (Kaasalainen
et al. 2003, 2004).

Here we present the results of independent photometric ob-
servations of Itokawa from March 2001 to December 2006. The
observed lightcurves are compared with the corresponding mod-
eled ones using the shape model and photometric properties
derived from the Hayabusa mission.

2. Observations and analyses

Time-resolved photometric observations provide information on
the spin state of the asteroid. The photometric observations of
Itokawa were started in March 2001, and were performed on a
total of 27 nights for 7 apparitions until December 2006, with
three telescopes. A list of the telescopes and instrumentation
used in this study is presented in Table 1. The geometric circum-
stances are summarized in Table 2. This table gives the mid-time
of observation coverage on a day, the geocentric ecliptic longi-
tudes (λ) and latitudes (β) of the asteroid (for equinox J2000),
its heliocentric (r) and geocentric (∆) distances, the solar phase
angle (α), and the observatory number from Table 1. The obser-
vations of the asteroid were taken in the Cousins R filter while
tracking at the asteroid’s predicted ephemeris rate, where expo-
sure times were set to within the range of 60 to 600 s. The ob-
serving setup and the data reduction were carried out by a con-
sistent method among all different observatories.

The CCD image pre-reductions were made with standard
IRAF routines, removing bias and dark current from the images.
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Table 1. Telescopes and instrumentation.

Telescope Instrument

1 Kiso Observatory, 1.05-m SITe 2k × 2k

2 Univ. Hawaii on Mauna Kea, 2.2-m 8k × 8k CCD

3 Lulin Observatory, 1-m VersArray: 1300B

Table 2. Geometric circumstances for 25143 Itokawa.

Date UT λ β r ∆ α Obs.a

(◦) (◦) (AU) (AU) (◦)

2001 Mar. 26.7 236.3 43.1 1.02 0.04 60.2 1
29.7 260.3 43.6 1.01 0.04 74.4 1
31.7 275.9 41.2 1.00 0.04 83.9 1

2001 Apr. 1.7 282.2 39.4 1.00 0.04 88.3 1

2001 Aug. 22.7 355.0 –7.1 1.31 0.32 20.1 1
23.6 354.5 –7.0 1.31 0.32 19.0 1
24.7 353.9 –7.0 1.31 0.32 17.8 1
25.6 353.3 –7.0 1.32 0.33 16.7 1

2003 Dec. 1.7 130.2 1.4 1.53 0.78 34.5 1
2.7 130.5 1.5 1.52 0.77 34.2 1
3.7 130.7 1.5 1.52 0.76 34.0 1
4.7 131.0 1.5 1.52 0.75 33.8 1

2004 Jan. 15.6 129.8 4.5 1.37 0.40 11.2 1
19.7 128.2 4.8 1.35 0.37 7.6 1
20.6 127.8 4.9 1.35 0.37 6.8 1

2004 Apr. 10.5 107.6 6.3 1.02 0.25 79.2 1
11.5 107.9 6.3 1.02 0.25 80.0 1
12.5 108.2 6.3 1.01 0.25 80.7 1

2004 Sep. 6.3 308.2 –6.1 1.30 0.35 27.2 2
7.3 308.4 –6.0 1.31 0.35 27.6 2
8.3 308.6 –5.9 1.31 0.36 28.0 2
9.3 308.8 –5.8 1.32 0.37 28.4 2

2006 Dec. 18.7 112.0 1.9 1.53 0.58 16.0 3
19.5 111.7 2.0 1.53 0.57 15.4 3
20.5 111.4 2.0 1.52 0.57 14.6 3
21.6 111.0 2.1 1.52 0.56 13.7 3
22.6 110.7 2.1 1.52 0.55 12.9 3

a See Table 1 for telescopes and instrumentation.

Nightly flat-field frames were used to correct images for opti-
cal vignetting, dust shadow and pixel-to-pixel sensitivity vari-
ation. The images were reduced with the aperture photometry.
A large number of local comparison stars (typically more than
ten) were selected along the asteroid path. From this set of com-
parison stars, the non-variable stars with small error in the flux
measurements were chosen as reference stars for the lightcurve.
The atmospheric extinction coefficient was determined nightly
through the Landolt standard stars (Landolt 1992). The indi-
vidual lightcurves were corrected for light-travel time and the
magnitudes were reduced to unit geocentric and heliocentric dis-
tances of the asteroid.

3. Numerical modeling of lightcurves

To generate synthetic lightcurves for each observing time, we
used the most up-to-date Itokawa shape model consisting of 49,
152 facets (Gaskell et al. 2006), which was developed based
on the remote-sensing images taken by the Hayabusa onboard
camera. The brightness of the asteroid as seen by the Earth ob-
server is computed as a sum of contributions from all visible

facets, using ray-tracing methods that check which facets are
occulted by or in shadow from the other facets, where the sur-
face scattering property is given by Hapke’s bidirectional re-
flectance model (Hapke 1993, 2002). We assume the follow-
ing values of globally-averaged photometric parameters in the
Hapke model, based on the photometry results of Itokawa from
the Hayabusa near-infrared spectrometer (Kitazato et al. 2007):
the single-particle scattering albedo ω = 0.4, the asymmetry pa-
rameter of single-particle phase function g = −0.35, opposition
surge amplitude B0 = 0.89 and width h = 0.01, and macroscopic
roughness θ̄ = 26◦.

Since quite a small change in the obliquity of Itokawa for
several years is predicted for its YORP effect (Scheeres et al.
2007), it is assumed that the spin axis remains constant in
our calculations. The rotation period has been estimated to be
(12.13237 ± 0.00008) hours in Kaasalainen et al. (2004), and
the epoch of prime meridian corresponding to the celestial refer-
ence frame has been well constrained within a small error (less
than 0.001 degree as phase lag in the asteroid rotation) among
the Hayabusa rendezvous phase (Gaskell et al. 2006). Thus, we
use a constant sidereal rotation period of P = 12.13237 hour
and a zero-phase Julian day epoch of t0 = 2 453 644.5 (1.0
October 2005).

4. Comparing between the observed and modeled
lightcurves

The observed lightcurve points and the corresponding modeled
lightcurves in the representative apparitions are shown in Fig. 1.
In our numerical simulations of the asteroid lightcurve the ro-
tational period is set at a constant value. Hence, if the aster-
oid’s spin rate varies in practice, it can be considered that a
certain phase lag would occur between the observed and mod-
eled lightcurves. There is little difference between the lightcurve
shapes, although a slight discrepancy in absolute brightness was
found due to uncertainties of the photometric calibrations. The
given uncertainty of pole orientation is small enough not to al-
ter the profile of simulated lightcurves. When sufficiently good-
quality data covering over one or more lightcurve maximum or
minimum are available, we can determine the phase lag along
with the vertical shift on each dataset. Figure 2 shows an en-
larged view of the lightcurves in the 2001 March apparition,
when they are furthest from the zero-phase epoch as defined
above. In this figure, the best-fit synthetic lightcurves are also
plotted, and these fitted curves systematically shift in the same
direction as against the original curves.

All the values of phase lag estimated in each observed
lightcurve data are shown in Fig. 3, where errors of the phase
lags are given by one standard deviation between the observed
lightcurve points and the best-fitted simulated lightcurve. Here,
it is found that these phase lag values stay within the confines
predicted by uncertainties in rotation period (maximum and min-
imum rotation period). Thus, our results are consistent with the
previous analyses of Kaasalainen et al. (2004). In addition, we
found that Itokawa’s spin behavior could not be explained with
a constant rotation period, as the phase lag changes with non-
linearity. To achieve a data fit, we consider a simple model in
which the asteroid spin velocity increases linearly in time t. The
time evolution of the phase lag is described as

∆φ = 2π
∆P

P2
0

(t − t0) +
1
2
ω̇(t − t0)2, (1)
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Fig. 1. The representative observed data (points) and the corresponding modeled lightcurves (dashed lines) for the asteroid 25143 Itokawa, added
the arbitrary intensity offset for clarity. The horizontal axes give the rotational phase in degrees, and the vertical axes brightness in units of relative
intensity. For each of the apparitions in August 2001, September 2004 and December 2006, only one modeled curve has been plotted.
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Fig. 2. Enlarged view of the lightcurves in the 2001 March appari-
tion are shown, together with the best-fit synthetic lightcurves based
on phase lag against the observed data (dotted lines). Data for 2001
March 29 are removed here due to lack of coverage enough to fit.

where ∆P is the time offset toward the nominal rotation period
and ω̇ is the angular acceleration. From a non-linear least square
fitting with this expression, the best-fit solutions were deter-
mined by ω̇ = −1.2(±0.2)×10−17 rad s−2 and ∆P = 0.09±0.07 s,
indicating that the asteroid’s spin rate has been decreasing. A
constant-period fit yields a weighted sum of squared residuals
30% higher than that for the solution with acceleration. As a

result, the more precise rotation period for Itokawa is provided
as P0 = 12.132395± 0.000019 h on 1.0 October 2005.

5. Discussions

As another major mechanism to modify an asteroid’s spin state,
tidal torques during close approaches to planets should also be
included as well as YORP torques. According to Vokrouhlický
et al. (2004), the effect of tidal torque for Itokawa is small com-
pared to YORP, though not negligible. The expected YORP be-
havior is essentially a linear secular trend in time, with only
small fluctuations owing to orbital dynamics around the Sun.
Therefore, almost all the spin rate change of Itokawa detected in
this study can be accounted for by YORP. Comparing to the the-
oretically predicted amount of Itokawa’s YORP from Scheeres
et al. (2007), we find that our measurement is consistent in terms
of decelerating, but the deceleration rate is marginally below the
range predicted (Table 3). The observed lower amount implies
that the YORP effect partially depends on a finer scale of surface
roughness than present in the resolutions of the derived shape
models.

The observed YORP amounts for the near-Earth asteroids
1862 Apollo and 54509 YORP are presented in Table 3, where
the normalized acceleration rate ω̇norm is the value with semi-
major axis a = 1 AU and equivalent size D = 1.0 km.
Note that Apollo and YORP are spun up while Itokawa is
spun down. The spin rate change due to YORP for Itokawa is
smaller than those for the other near-Earth asteroids, Apollo and
YORP. It seems easy to explain such differences by their surface
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Fig. 3. Variations of the rotational phase lag between the observed and
modeled lightcurves as a function of time (close circles). The lines dis-
play the relative phase change linearly due to uncertainty in the rotation
period (maximum and minimum) from Kaasalainen et al. (2004), and
the best-fit model curve using Eq. (1) and its components of spin rate
offset and acceleration, respectively.

Table 3. Normalized acceleration/deceleration rate for three near-Earth
asteroids.

Object ω̇norm References
(10−18 rad s−2)

Itokawa (obs) –2.2 This study

Itokawa (model) –8.2 ∼–4.6 Scheeres et al. (2007)

Apollo 30 Kaasalainen et al. (2007)

YORP (2000 PH5) 6.2 Lowry et al. (2007)

topographies and obliquities rather than the densities and surface
thermal properties because of the similarity of taxonomic types
between Itokawa and Apollo, S-type and Q-type, respectively
(Binzel et al. 2001; Tholen & Barucci 1989). The comparison of
theoretical computations of YORP spin accelerations with mea-
sured accelerations for 54509 YORP in Taylor et al. (2007) dif-
fer by a similar factor as mentioned above for Itokawa. This may
point out some systematic deficiency in current YORP theoreti-
cal models.

Moreover, the observed deceleration rate indicates that
Itokawa had been rotating faster in the past. As discussed in
Scheeres et al. (2007), it is probable that the mutual orbiting

system of the two components, the “head” and “body” of
Itokawa, would be bound when the rotation period approaches
an approximate value of 6.5 h. Using our results, it could be es-
timated that such an event occurred in approximately 0.4 Ma.
This timescale is considerably shorter than the near-Earth aster-
oid’s lifetime (∼10 My).

6. Summary

A YORP-induced decelerating spin state for Itokawa was de-
tected by the comparison between its observed and modeled
lightcurves. Thanks to the detailed shape model derived from
the Hayabusa mission, the time evolution of the lightcurve phase
lag could be determined more accurately than the previous stud-
ies without uncertainty of the asteroid shape and pole orien-
tation. Itokawa has been decreasing its rotation rate by ω̇ =
−1.2(±0.2) × 10−17 rad s−2, the normalized amount of which is
smaller than those of the other YORP-detected near-Earth aster-
oids, Apollo and YORP.
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